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ABSTRACT
During the final growth phase of giant planets, accretion is thought to be controlled by
a surrounding circumplanetary disk. Current astrophysical accretion disk models rely
on hydromagnetic turbulence or gravitoturbulence as the source of effective viscosity
within the disk. However, the magnetically-coupled accreting region in these models
is so limited that the disk may not support inflow at all radii, or at the required rate.
Here, we examine the conditions needed for self-consistent accretion, in which the
disk is susceptible to accretion driven by magnetic fields or gravitational instability.
We model the disk as a Shakura-Sunyaev α disk and calculate the level of ionisation,
the strength of coupling between the field and disk using Ohmic, Hall and Ambipolar
diffusevities for both an MRI and vertical field, and the strength of gravitational
instability.
We find that the standard constant-α disk is only coupled to the field by thermal
ionisation within 30RJ with strong magnetic diffusivity prohibiting accretion through
the bulk of the midplane. In light of the failure of the constant-α disk to produce ac-
cretion consistent with its viscosity we drop the assumption of constant-α and present
an alternate model in which α varies radially according to the level magnetic turbu-
lence or gravitoturbulence. We find that a vertical field may drive accretion across the
entire disk, whereas MRI can drive accretion out to ∼ 200RJ , beyond which Toomre’s
Q = 1 and gravitoturbulence dominates. The disks are relatively hot (T & 800 K), and
consequently massive (Mdisk ∼ 0.5MJ).
Key words: accretion discs – magnetic fields – MHD – planets and satellites: for-
mation
1 INTRODUCTION
Gas giant planets form within a protoplanetary disk sur-
rounding a young star (Lin & Papaloizou 1985). Those or-
biting within ∼ 100 au of the star form through the aggrega-
tion of a ∼ 15MEarth solid core and subsequent gas capture
from the surrounding disk (Pollack et al. 1996; Boley 2009).
During the initial slow accretion phase the protoplanet en-
velope is thermally supported and distended. However, once
the envelope mass reaches the core mass gas accretion accel-
erates rapidly and, unable to maintain thermal equilibrium,
the envelope collapses (Pollack et al. 1996; Lissauer et al.
2009). This ‘run-away’ gas accretion ends once the planet is
massive enough that it accretes faster than gas can be re-
plenished into its vicinity. Infalling gas has too much angular
momentum to fall directly onto the contracted planet, and
so an accretion disk, the circumplanetary disk, forms around
the planet (Lunine & Stevenson 1982; Ayliffe & Bate 2009a).
? E-mail: sarah.l.keith@mq.edu.au; mark.wardle@mq.edu.au
In contrast to the icy conditions implied by satellite sys-
tems around Solar System giant planets, circumplanetary
disks are likely initially hot and convective (Coradini et al.
1989). Most of the protoplanet’s mass is delivered during
run-away accretion and so the circumplanetary disk must
support a high inflow rate during this phase. The forma-
tion of Jupiter consistent with the giant planet formation
time-scale inferred from the life-time of protoplanetary disks
(life-time∼ 3 × 106 years; Williams & Cieza 2011) suggests
an inflow rate of M˙ ∼ 10−6MJ/year. Models of the accretion
phase of a circumplanetary disk include self-luminous disks
(Quillen & Trilling 1998; Fendt 2003; Nelson & Benz 2003),
Shakura-Sunyaev α disks (Canup & Ward 2002, 2006; Al-
ibert et al. 2005; Turner et al. 2013), time-dependent disks
with MRI-Gravitational instability limit cycles (Martin &
Lubow 2011a; Lubow & Martin 2012), and hydrodynami-
cal simulations (Lubow et al. 1999, D’Angelo et al. 2002,
D’Angelo et al. 2003, Machida et al. 2008; Ayliffe & Bate
2009a,b; Machida 2009; Rivier et al. 2012; Tanigawa et al.
2012; Shabram & Boley 2013). The evolution of the disk
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associated with the contraction of the proto-planetary en-
velope and changes in the mode of accretion from the pro-
toplanetary disk have also been addressed (Ward & Canup
2010).
The angular momentum transport mechanism is key in
determining the disk structure and evolution, however little
work has been done to model the disk self-consistently with
the accretion mechanism. The α-model invokes a source of
viscosity (typically hydromagnetic turbulence is suggested)
however there is no guarantee that the resulting disk com-
plies with the conditions required for viscosity, hydromag-
netic or otherwise. An exception is the time-dependent
gravo-magneto outbursting cycles modelled by Lubow &
Martin (2012), however numerical simulations suggest disks
rapidly evolve away from a gravitationally unstable state.
There are a variety of candidates for the accretion mech-
anism, including magnetic forces, gravitational instability,
thermally-driven hydrodynamical instabilities, torque from
spiral waves generated by satellitesimals [see Papaloizou
& Lin 1995 and Turner et al. (in preparation) for a re-
view], and stellar forcing (Rivier et al. 2012). Magnetic fields
and gravitational instability are generally considered the
most promising mechanisms within the protoplanetary disk.
Magnetically-driven accretion may result from hydromag-
netic turbulence produced by the magnetorotational insta-
bility (MRI; Balbus & Hawley 1991; Hawley et al. 1995),
centrifugally driven disk winds associated with large-scale
vertical fields (Blandford & Payne 1982; Wardle & Ko¨nigl
1993), magnetic braking (Matsumoto & Tomisaka 2004), or
large-scale toroidal fields (Stone et al. 2000). MRI turbu-
lence has been modelled extensively (e.g., Gammie 1996;
Sano et al. 2004; Turner et al. 2007; Flaig et al. 2012; War-
dle & Salmeron 2012; Parkin & Bicknell 2013) and simu-
lations of MRI transport in protoplanetary disks indicate
α ∼ 10−3, where α is the Shakura-Sunyaev viscosity param-
eter (Shakura & Sunyaev 1973; King et al. 2007). Gravi-
tational instability occurs in massive disks and may cause
fragmentation or gravitoturbulence (Toomre 1964; Gammie
2001).
Certain conditions are required for these mechanisms
to be effective. For example, magnetic processes can only
act in sufficiently ionised ‘active’ regions, where the evolu-
tion of the magnetic field is coupled to the motion of the
disk. If the ionisation fraction is too low, magnetic diffusiv-
ity decouples their motion (e.g. Wardle 2007). In protoplan-
etary disks, magnetic coupling is strong enough to permit
MRI accretion in two regions: (i) layers above the midplane
where cosmic rays, and stellar X-rays and UV photons pen-
etrate, and (ii) close to the star where the disk is hot and
thermally ionised (Gammie 1996). Gravitational instability
requires strong self-gravity such that Toomre’s stability pa-
rameter Q . 1, and quasi-steady gravitoturbulent accretion
further requires a cooling time-scale in excess of ∼ 30 orbital
time-scales (Meru & Bate 2012, Paardekooper 2012).
Existing steady-state model circumplanetary disks are
not massive enough for gravitational instability, and so test-
ing for self-consistent accretion has focussed on identifying
regions which are susceptible to the MRI. Fujii et al. (2011)
determined the thickness of the magnetically-uncoupled
Ohmic midplane ‘dead zone’ of an α disk for the ionisation
by cosmic rays. They find that the dead zone extends up at
least 2.5 scale heights (for plasma β = 104) with the pres-
ence of grains extending this region to even greater heights.
These results agree with the recent paper by Turner et al.
(2013) which includes ionisation from X-rays, radioactive
decay, turbulent mixing, thermal ionisation as well as cos-
mic rays and accounting for Ambipolar and Ohmic diffusion.
They find that α disks are magnetically coupled in surface
layers above ∼ 3 scale heights unless the disk is dusty and is
shielded from X-rays. They also consider magnetic coupling
in the Jovian analogue to the Minimum Mass Solar Nebula-
the Minimum Mass Jovian Nebula (MMJN; Mosqueira &
Estrada 2003), finding that dust must be removed for mag-
netically coupled surface layers. They find that thermal ioni-
sation in actively supplied disks may permit coupling within
the inner 4RJ of the midplane, although Fendt (2003) sug-
gest a larger thermally ionised region (r . 65RJ). Either
way, we conclude that current α models of circumplane-
tary disks are not necessarily susceptible to the magnetically
driven accretion assumed at all radii, and that magnetically
active surface layers may be too high above the midplane to
carry the required accreting column.
In this paper, we probe the viability of self-consistent
steady-state accretion through the circumplanetary disk
midplane, with accretion driven by magnetic fields and grav-
itoturbulence. We model the disk as Shakura-Sunyaev α
disk and solve for the disk structure self-consistently with
the opacity using the Zhu et al. (2009) opacity-law (§2). In
§3.1 we calculate the ionisation level produced by thermal
ionisation, cosmic rays, and radioactive decay, and also con-
sider the effectiveness of turbulent mixing (Ilgner & Nelson
2006; Turner et al. 2007; Ilgner & Nelson 2008), and Joule
heating in resistive MRI regions (Inutsuka & Sano 2005;
Muranushi et al. 2012). We determine the magnetic field
strength needed for accretion by an MRI or large-scale ver-
tical field (§4), and calculate Ohmic, Hall and Ambipolar
diffusivities to determine the strength of magnetic coupling
(§5). Motivated by the failure of the standard constant-α
disk (§6.1) to produce magnetic coupling consistent with
the assumed viscosity profile we present an alternate α disk
(§6.2) in which the level of magnetic transport (i.e., α) varies
radially consistent with the level of viscosity proceed by ei-
ther magnetic forces or gravitational instability, as per the
Sano & Stone (2002) prescription for α for non-ideal mag-
netic transport. We present the results in §7, with a sum-
mary and discussion of findings in §8.
2 DISK STRUCTURE
We model a circumplanetary disk as an axisymmetric, cylin-
drical, radiative, thin disk surrounding a protoplanet of
mass M , in orbit around a star of mass M∗, at an orbital dis-
tance d. The disk extends out to a radius r = RH/3 around
the planet, where
RH = d
(
M
3M∗
) 1
3
≈ 743RJ
(
d
5.2 au
)(
M
MJ
) 1
3
(
M∗
M
)− 1
3
(1)
is the Hill radius, RJ is the radius of Jupiter, MJ is the
mass of Jupiter, and M is the mass of the Sun (Quillen &
Trilling 1998; Martin & Lubow 2011b).
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The scale height, H, is determined by a balance between
thermal pressure, the planet’s gravity, and self-gravity of
the disk. Toomre’s Q quantifies the strength of self-gravity,
(Toomre 1964)
Q =
csΩ
piGΣ
≈ 5.3× 103
(
T
103 K
) 1
2
(
Σ
102g cm−2
)−1(
M
MJ
) 1
2
×
(
r
102 RJ
)− 3
2
, (2)
with Q 1 for negligible self-gravity and Q 1 for strong
self-gravity. Here, Σ is the column density, Ω is the Keplerian
angular velocity,
Ω =
√
GM
r3
≈ 5.9× 10−7 s−1
(
r
102 RJ
)− 3
2
(
M
MJ
) 1
2
, (3)
cs =
√
kT/mn ≈ 1.9 km s−1
√
T/1000 K is the isothermal
sound speed with mn = 2.34mp the mean neutral particle
mass for a H/He gas at temperature T , mp the proton mass,
and k is Boltzmann’s constant. Solving for the scale height
for arbitrary Q is complex [e.g, see Paczynski 1978], and so
we adopt the simplified equation of vertical equilibrium (c.f.,
Krasnopolsky & Ko¨nigl 2002)
Ω2H2 + piGHΣ− c2s = 0, (4)
with solution
H =
2Q
1 +
√
1 + 4Q2
cs
Ω
. (5)
This reduces to the standard approximations
H
r
=
cs
rΩ
≈ 0.45
(
T
103 K
) 1
2
(
r
102 RJ
) 1
2
(
M
MJ
)− 1
2
(6)
for low mass disks (i.e., Mdisk  MJ) where self-gravity is
negligible, and
H
r
=
c2s
piGΣr
= Q
cs
rΩ
≈ 2.4× 10−2
(
T
102 K
)(
Σ
106 g cm−2
)−1
×
(
r
102 RJ
)−1
(7)
for massive, cool, self-gravitating disks. From this we esti-
mate the vertically-averaged neutral mass density
ρ =
Σ
2H
,
≈ 6.2× 10−9 g cm−3
(
Σ
102 g cm−2
)(
T
103 K
)− 1
2
×
(
r
102 RJ
)(
M
MJ
)− 1
2
, (8)
and the associated number density, n = ρ/mn ≈ 2.6 ×
1015 cm−3
(
ρ/10−8 g cm−3
)
.
The thermal structure of the disk is governed by dissipa-
tion driven by the inflow. We use the standard plane-parallel
stellar atmosphere model (Hubeny 1990),
σT 4 =
3
8
τσT 4s , (9)
to calculate the midplane temperature T from the surface
temperature Ts and optical depth, τ , from the midplane to
the surface. Gravitational binding energy released during
infall results in a surface temperature (Pringle 1981)
Ts =
(
3M˙Ω2
8piσ
) 1
4
≈ 82 K
(
M˙
10−6 MJ/year
) 1
4
(
M
MJ
) 1
4
(
r
102 RJ
)− 3
4
,(10)
where M˙ is the inflow rate, and σ the Stefan-Boltzmann
constant. We consider a uniform, steady, inward mass flux
throughout the disk.
Shock heating of infalling material colliding with the
disk contributes additional heating, however it is negligible
compared to that of the viscous dissipation [i.e., flux ratio:
Finfall/Fviscous < 10
−4; Cassen & Moosman (1981)]. Sim-
ilarly, irradiation from the hot young planet [TJ = 500 K
determined from pure contraction of the young planet;
e.g. Hubbard et al. (2002)] and the accretion hot spot
[Thotspot = 3300 K calculated using equation (3.3) in Pringle
(1977)] is also negligible with Fplanet/Fviscous < 10
−4 and
Fhotspot/Fviscous < 10
−2 determined using equation (21)
from Turner et al. (2013).
Equations (9) and (10) are applicable in optically-thick
regions of the disk (i.e., where optical depth τ  1). This
is appropriate for the midplane, as the high column density
favours a large optical depth:
τ = κΣ/2 1. (11)
To calculate the opacity, κ, we use the analytic Rosse-
land mean opacity law presented in Zhu et al. (2009). This
is a piecewise power-law fit to the Zhu et al. (2007, 2008)
opacity law. We give this in Table 1, re-expressed as a func-
tion of temperature and density, using the ideal gas law1.
This model features nine opacity regimes, incorporating the
effects of dust grains, molecules, atoms, ions and electrons.
The transition temperature Tj→k between regimes j and k,
as a function of density, is obtained by equating the opacity
in neighbouring regimes (i.e., κj = κk), and is
Tj→k =
(
κi,j
κi,k
) 1
bk−bj
ρ
aj−ak
bk−bj (12)
with two additional constraints:
(i) use Grains opacity for T < 794K, and
(ii) use Molecules and H scattering opacity for 2.34 ×
104κ0.279 K < T < 104 K.
As the opacity law is complex we show the temperature and
density boundaries for each opacity regime in Fig. 1.
1 We have used the mean particle mass of molecular H/He gas
in the conversion from pressure to density even though it is not
strictly valid where hydrogen is ionised. Hydrogen is only ionised
within the inner 5RJ , at temperatures above 3000 K, and we find
that correcting the mean particle mass (to µ = 1.24) leads to at
most a 15% change in the temperature in this region.
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Table 1. Coefficient and indices, in each opacity regime, for the opacity law κ = κi ρ
a T b, as given in Table 3 of Bell & Lin (1994) and
Table 1 of Zhu et al. (2009). The resulting opacity has units of cm2 g−1. See equation (12) and Fig. 1 for the boundaries of the opacity
regimes.
Bell & Lin (1994) Zhu et al. (2009)
Opacity Regime κi a b Opacity Regime κi a b
Ice grains 2× 10−4 0 2 Grains 5.3× 10−2 0 0.74
Evaporation of ice grains 2× 1016 0 −7 Grain evaporation 1.0× 10145 1.3 −42
Metal grains 0.1 0 1/2 Water vapour 1.0× 10−15 0 4.1
Evaporation of metal grains 2× 1081 1 −24 1.1× 1064 0.68 −18
Molecules 10−8 2/3 3 Molecules 5.1× 10−11 0.50 3.4
H scattering 10−36 1/3 10 H scattering 8.9× 10−39 0.38 11
Bound–free and free–free 1.5× 1020 1 −5/2 Bound–free and free–free 1.1× 1019 0.93 −2.4
Electron scattering 0.348 0 0 Electron scattering 0.33 0 0
Molecules and H scatteringa 1.4 0 3.6
a This regime is given in the footnote of Table 1 in Zhu et al. (2009). The dominant sources of opacity in this regime are
molecular lines and H scattering (Z. Zhu 2013, private communication).
10–24 10–20 10–16 10–12 10–8 10–4
103
104
ρ ( g cm–3 )
T 
(K
)
electron scattering
H scattering
molecules
bound–free
free–free
molecules / H scattering
grains
waterwater dis
sociation
grain eva
poration
Figure 1. Temperature and density boundaries of the Zhu et al.
(2009) opacity regimes, given in Table 1, calculated with equation
(12).
For comparison, we also give the Bell & Lin (1994)
opacity law in Table 1. This opacity law underestimates the
opacity for temperatures T ∼1500–3000 K because it ne-
glects contributions from TiO and water lines longward of
5µm (Alexander & Ferguson 1994; Semenov et al. 2003; Zhu
et al. 2009). The discrepancy is greatest at ∼ 1700 K where
the Bell & Lin opacity is a factor ∼ 500 too low, as compared
with the Zhu et al. model.
We solve for the local structure (i.e., Σ and T ) simul-
taneously with the opacity, at each radius. Following Bell
et al. (1997), we solve for the radial temperature profile by
combining equations (2), (3), (5), (8) – (11) and the opacity
law in Table 1, to give
T 4−b =
9M˙κi
2a+7piσ
Ω2H−aΣa+1, (13)
with a, b, and κi specified for each opacity regime. This
relationship allows us to describe the disk temperature and
column density self consistently, when one or the other is
specified.
At a given radius, we solve this equation within each
opacity regime, and determine whether the resulting tem-
perature and density fall within the limits of that regime.
Solutions which do not fall within these limits are discarded.
The solution is not necessarily unique, as the disk may sat-
isfy the conditions of multiple opacity regimes (e.g., Bell &
Lin 1994; Zhu et al. 2007).
Conservation of angular momentum provides the closing
relation by specifying the accreting column needed to drive
the inflow caused by turbulence, M˙ = 2piνΣ 2 (Shakura &
Sunyaev 1973). A common approach to modelling the tur-
bulent viscosity ν is to adopt the α-viscosity prescription, in
which uncertainties in the form of the viscosity are gathered
into a single parameter α . 1 (Shakura & Sunyaev 1973),
ν = αcsH. (14)
Observational estimates of α, derived from the inferred mass
accretion rates of T-Tauri stars, and the time dependent
behaviour of FU Orionis outbursts, dwarf nova, and X-ray
transients, indicate α ∼ 0.001−0.1, while numerical magne-
tohydrodynamical shearing box simulations yield α ∼ 0.01–
10−3 [see King et al. (2007) and references therein]. This
results in an accreting column
Σ =
M˙
2piαcsH
(15)
≈ 1.6× 102g cm−2
(
M˙
10−6MJ/year
)( α
10−3
)−1
×
(
M
MJ
) 1
2
(
T
1000 K
)−1(
r
102 RJ
)− 3
2
(16)
for negligible self-gravity.
2 is released in a boundary layer (thickness  RJ ) above
the planet surface where the disk angular velocity profile
transitions sharply between keplerian and the planetary rota-
tion rate (Pringle 1977). This contributes an additional factor(
1−√RJ/r) to the right hand side to this viscosity-inflow rela-
tion. However, we find that this factor is only significant within
r < 2RJ , i.e., within the boundary layer.
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3 DEGREE OF IONISATION
In this section we calculate the level of ionisation at the
midplane of the circumplanetary disk. The disk is too dense
for the penetration of cosmic rays and X-rays down to the
midplane, and so the primary sources of ionisation are ther-
mal ionisation and decaying radionuclides. We also consider
two further ionising mechanisms produced by the action of
MRI turbulence - the transport of ionisation from MRI ac-
tive surface layers to the midplane by eddies, and ionisation
from electric fields generated by MRI turbulence.
3.1 Thermal ionisation
Ionisation leads to the production of electrons, ions (with
atomic number j), and charged dust grains with associated
number density ne, ni,j , ng, mass me, mi,j , mg, and charge
−q, +q, Zgq respectively. Here, the grain mass and charge
represent the mean value.
From this we define the total ion number density ni ≡∑
j ni,j , and average ion mass mi ≡
(
n−1i
∑
j ni,jm
−1/2
i,j
)−2
,
where the summation runs over each ion species.
To calculate the level of thermal ionisation we use the
Saha equation
neni,j
nj
= ge
(
2pimekT
h3
) 3
2
exp
(
− χj
kT
)
, (17)
where nj is the number density of neutrals with atomic num-
ber j, χj is the ionisation potential of the j
th ion species,
ge = 2 is the statistical weight of an electron, and h is
Planck’s constant. Table 2 gives the atomic weight and
first ionisation energy of five key contributing elements: hy-
drogen, helium, sodium, magnesium, and potassium (Lide
2004).
The exponential factor in the Saha equation gives rise
to switch on/off behaviour in thermal ionisation, such that
the bulk of atoms are ionised in a narrow temperature band
around their ionisation temperature. Potassium has the low-
est ionisation energy and is first to be ionised with an ioni-
sation temperature of T ∼ 103 K.
We use solar photospheric abundances to model the el-
emental composition of the disk, as given in Table 2 (As-
plund et al. 2009). However heavy elements are encorporated
into grains, reducing their gas phase abundance. We allow
for depletion onto grains through a depletion factor δ (c.f.,
Sano et al. 2000). The degree of depletion varies greatly be-
tween elements, however we make the simplifications that
the abundance of elements other than hydrogen and helium
are reduced by a constant factor, 10δ. Grain depletion in the
Orion nebula has been determined by comparing the abun-
dances in the HII region (gas only) with that of Orion O stars
(gas+dust; Esteban et al. 1998). Magnesium, a key grain
constituent, is depleted at the level δMg = −0.92, which we
adopt for all depleted elements.
The abundance of the jth element is related to its log-
arithmic form, accounting for depletion onto grains: Xj =
log10(nj/nH) + 12− δ, where the logarithmic abundance of
hydrogen is defined to be XH = 12. The abundance is then
xj = 10
Xj/(
∑
i 10
Xi), for which we take the logarithmic
abundances of the remaining elements from Asplund et al.
(2009).
Dust grains also act to reduce the ionisation fraction by
soaking up electrons, acquiring charge through the compet-
itive sticking of electrons and ions to their surface. The net
charge is found through the balance of preferential sticking
of electrons due to their higher thermal velocity, with the
subsequent Coulomb repulsion that develops. The average
charge acquired by a dust grain is (Draine & Sutin 1987)
Zg = ψτ − 1
1 +
√
τ0/τ
(18)
where
τ =
agkT
q2
, (19)
τ0 ≡ 8me
piµmp
, (20)
µ ≡
(
nese
ni
)2(
mi
mp
)
, (21)
where se is the electron sticking coefficient, ag the grain
radius, and ψ is the solution to the transcendental equation
(Spitzer 1941):
1− ψ =
(
µ
mp
me
) 1
2
eψ. (22)
We solve this using the second order approximation (Arm-
strong & Kulesza 1981)
ψ = 1− ln(1+y)+ ln(1 + y)
1 + ln(1 + y)
ln[(1+y−1) ln(1+y)] (23)
with y ≡ e√µmp/me.
Charge fluctuations are small, with most grains having
charge within one unit about this mean (Elmegreen 1979).
Measurements and analytical estimates of the electron stick-
ing coefficient suggest se is in the range 10
−3–1 (Umebayashi
& Nakano 1980; Heinisch et al. 2010). As an approximation,
we maximise the impact of grain charge removal by adopting
se ∼ 1.
We adopt a constant gas to dust mass ratio ratio ρd/ρ ≡
fdg = 10
−2, grain size ag = 0.1µm, and grain bulk density
ρb = 3 g cm
−3 (Pollack et al. 1994). This leads to a grain
number density
ng =
mnfdgn
4
3
pia3gρb
≈ 3.1× 103 cm−3
( n
1015 cm−3
)( fdg
10−2
)
×
(
ag
0.1µm
)−3(
ρb
3 g cm−3
)−1
. (24)
Grain evaporation, which removes grain species, will cause
spatial variation of these properties. For instance, very few
grains would be present where the temperature exceeds
the vaporisation temperature of iron (T ∼ 1500 K at ρ ∼
10−7 g cm−3; Pollack et al. 1994). However, we find that re-
moving grains in this region (i.e., fdg = 0 for r < 7RJ),
or indeed uniformly across the disk (i.e., fdg = 0 for all r),
has no effect on the boundary of the magnetically-coupled
region owing to the overwhelming effectiveness of thermal
ionisation here.
The final condition needed to determine the ionisation
level is charge neutrality,
ni − ne + Zgng = 0. (25)
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Table 2. Atomic weight, solar photospheric logarithmic abundance and abundance, and first ionisation potential for hydrogen, helium,
sodium, magnesium, and potassium (Lide 2004; Asplund et al. 2009). Depletion of heavy elements by incorporation into grains is
parametrised by δ.
Atomic number Element Atomic weight Logarithmic abundance Abundance Ionisation potential Depletion
(amu) (eV) (dex)
1 H 1.01 12.00 9.21×10−1 13.60 0
2 He 4.00 10.93 7.84× 10−2 24.59 0
11 Na 22.98 6.24 1.60×10−6 5.14 δ
12 Mg 24.31 7.60 3.67× 10−5 7.65 δ
19 K 39.10 5.03 9.87×10−8 4.34 δ
To solve equations (17)–(25), we use Powell’s Hybrid
Method for root finding (Powell 1970), with the routine
fsolve from the Python library scipy.optimize (Jones
et al. 2001). This method is a modified form of Newton’s
Method, which checks that the residual is improved before
accepting a Newton step. This optimisation allows for con-
vergence despite the steep gradients caused by the exponen-
tial factor in the Saha equation.
3.2 Ionisation by decaying radionuclides, cosmic
rays and X-rays
Cosmic rays and the decay of radionuclides are the primary
sources of ionisation in the outer disk where it is too cool for
thermal ionisation. The short-lived radioisotope 26Al is the
main contributor to ionisation by decaying radionuclides,
yielding an ionisation rate ζR = 7.6×10−19 s−1 (Umebayashi
& Nakano 2009). Cosmic ray ionisation occurs at a rate
ζCR = 10
−17 s−1 exp(−Σ/ΣCR), where ΣCR = 96 g cm−2 is
the attenuation depth of cosmic rays.
X-rays from the young star will also ionise the surface
layers [with ζXR = 9.6× 10−17 s−1 exp(−Σ/ΣXR) at the or-
bital radius of Jupiter for a star with Solar luminosity (Igea
& Glassgold 1999; Turner & Sano 2008)], however the X-
ray attenuation depth is so small (ΣXR = 8 g cm
−2) that
X-rays do not reach the midplane and do not contribute to
midplane ionisation or accretion [in contrast with surface
ionisation calculations by Turner et al. (2013)].
Calculating the ionisation resulting from radioactive de-
cay involves solving the coupled set of reaction rate equa-
tions for electrons, metal ions (number density ni with metal
abundance xm), and grains subject to charge neutrality.
Molecular ions are the first ions produced as part of the re-
action scheme, however, charge transfer to metals is so rapid
that metal ions are more abundant (Fujii et al. 2011). We
model the metals as a single species, adopting the mass, mi,
and abundance, xi, of the most abundant metal - magnesium
(Lide 2004; Asplund et al. 2009). Free electrons and ions are
formed through ionisation, and are removed through recom-
bination (rate coefficient kei) and capture by grains (rate co-
efficients keg, kig for electrons and ions, respectively). These
processes are described by the following rate equations:
dni
dt
= ζn− keinine − kigngni, (26)
dne
dt
= ζn− keinine − kegngne, (27)
dZg
dt
= kigni − kegne, (28)
0 = ni − ne + Zgng, (29)
for which we have neglected grain charge fluctuations (see for
example, Umebayashi & Nakano 1980; Fujii et al. 2011). An-
ticipating that the resulting ionisation fraction will be low,
we make the following simplifications: (i) the average grain
charge will be low and so we approximate Zg ≈ 0 in cal-
culating the rate coefficients kig, keg and (ii) recombination
is inefficient such that charge capture by grains dominates
and we set kei = 0. The charge capture rate co-efficients for
neutral grains are
kig = pia
2
g
√
8kbT
pimi
≈ 3.0× 10−5 cm3 s−1
(
T
103 K
) 1
2
(
ag
0.1µm
)2
×
(
mi
24.3mp
)− 1
2
, (30)
keg = pia
2
g
√
8kbT
pime
≈ 6.2× 10−3 cm3 s−1
(
T
103 K
) 1
2
(
ag
0.1µm
)2
. (31)
Under these conditions the equilibrium electron and ion
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number density fractions are
ne
n
=
ζ
kegng
,
≈ 5.2× 10−20
(
T
103 K
)− 1
2 ( n
1015 cm−3
)−1
×
(
ζ
10−18 s−1
)(
ρb
3 g cm−3
)(
fdg
10−2
)−1
×
(
ag
0.1µm
)
, (32)
ni
n
=
keg
kig
ne
nn
,
≈ 1.1× 10−17
(
T
103 K
)− 1
2 ( n
1015 cm−3
)−1
×
(
ζ
10−18 s−1
)(
ρb
3 g cm−3
)(
fdg
10−2
)−1
×
(
ag
0.1µm
)(
mi
24.3mp
) 1
2
. (33)
We insert these values into equation (29) to calculate an
improved estimate of the grain charge:
Zg = − ni
ng
≈ −3.5× 10−6
(
T
103 K
)− 1
2 ( n
1015 cm−3
)−1
×
(
ζ
10−18 s−1
)(
ρb
3 g cm−3
)2(
fdg
10−2
)−2
×
(
ag
0.1µm
)4(
mi
24.3mp
) 1
2
. (34)
Charge capture by grains has removed a large fraction of
the free electrons and so the average grain charge is small
(validating our initial estimate, Zg ≈ 0), and simply traces
the ion density:
To calculate the charge resulting from the combined
efforts of thermal ionisation, decay of radionuclides, and ex-
ternal ionisation sources we add the contributions linearly. A
complete treatment would address the non-linear effects as-
sociated with using the combined charge particle population,
rather than treating the populations as independent. How-
ever, as the drop-off of the radial thermal ionisation profile
is so steep, the contribution of decaying radionuclides and
cosmic rays within r . 55RJ is insignificant when compared
to thermal ionisation. Similarly, thermal ionisation is highly
inefficient beyond this distance, and so charge production is
by radioactive decay and cosmic rays.
3.3 Ionisation from MRI turbulence
The action of MRI turbulence in the disk offer two further
ionising mechanisms, which we describe below. We do not
calculate the level of ionisation produced by these mecha-
nisms, but rather determine their effectiveness within the
circumplanetary disk.
Eddies within MRI active surface layers caused by cos-
mic ray ionisation may penetrate into the underlying dead
zone, transporting ionised material with them (Ilgner & Nel-
son 2006; Turner et al. 2007; Ilgner & Nelson 2008). Tur-
bulent mixing may deliver enough ionisation into the dead
zone for magnetic coupling and reactivation of the dead zone
(Turner et al. 2007). The vertical mixing time-scale for dif-
fusion through a scale height is (Ilgner & Nelson 2006)
τD =
H2
ν
= (αΩ)−1, (35)
which is 1000 dynamical times for Shakura-Sunyaev viscos-
ity parameter α = 10−3. However, free charges are removed
through recombination and grain charge capture which low-
ers the ionisation fraction. From equation (27), we find that
charges are removed on a time-scale
τR = (keini + kegng)
−1 , (36)
where the ion and grain number densities are vertically aver-
aged along the path. We calculate the grain charge capture
rate keg for neutral grains, and the ion number density us-
ing the height averaged cosmic ray and constant radioactive
decay ionisation rates assuming that ion capture by grains
is small. We use a vertically uniform temperature, however
we find no qualitative difference in the results using mid-
plane or surface temperatures. For turbulent mixing to be
effective in delivering ionisation to the midplane, it must be
at least as rapid as charge removal (i.e., τD & τR). Thus,
we determine the effectiveness of midplane ionisation from
active surface layers by comparing the charge removal and
vertical mixing time-scales in §7.
Ionisation is also produced through currents generated
by the action of the MRI turbulent field (Inutsuka & Sano
2005). The electric field, E, associated with the MRI may
be able to accelerate electrons to high enough energies that
they are able to ionise hydrogen in some regions. Such MRI
‘sustained’ regions occur within the minimum mass solar
nebula, reducing the vertical extent of the dead zone away
from the midplane (Muranushi et al. 2012). Here we deter-
mine if self-sustained MRI occurs in circumplanetary disks.
Joule heating is the primary mechanism for converting
work done by shear [work per unit volume WS = (3/2)αΩp]
into the electron kinetic energy. The work dissipated per unit
volume by Joule heating of an equipartition current [i.e.,
the current Jeq = cBeq/(4piH) associated with an equipar-
tition field over a length scale H], is WJ = ffillfsatJeqE.
Here c is the speed of light, ffill is the filling factor rep-
resenting the fraction of the total volume contributing to
Joule heating, and fsat is the ratio of the saturation current
in MRI unstable regions to the equipartition current. Mu-
ranushi et al. (2012) performed three dimensional shearing
box simulations to determine the time, space, and ensemble
averaged filling factor and MRI saturation current, finding
ffill = 0.264 and fsat = 13.1. The total energy available for
ionisation through Joule heating is limited to the work done
by shear (i.e., WJ ≤ WS), and so the electric field strength
cannot exceed (Muranushi et al. 2012)3
E =
3αcsBeq
4cffillfsat
(
2Q
1 +
√
1 + 4Q2
)
. (37)
3 For consistency we insert our equation (39) into equation (32)
of Muranushi et al. 2012, and account for self-gravity which leads
to stricter criterion, independent of plasma β: fwhb = 5.4× 10−2
for Q = 0 [c.f., their equation (36)].
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Given this restriction, we calculate the maximum electron
kinetic energy, , available from Joule heating (Inutsuka &
Sano 2005),
 = 0.43qEl
√
mn/me (38)
where l = 1/(n〈σen〉) ≈ 1 cm (1015 cm−3/n) is the electron
mean free path, and 〈σen〉 = 1015 cm2 is the momentum
transfer rate co-efficient between elections and neutrals. For
ionisation to be effective, the electron energy,  must exceed
the ionisation threshold of neutral particles within the disk.
4 MAGNETIC FIELD STRENGTH
Further to a possible proto-planetary dynamo field (e.g.,
Jupiter’s present day surface field is 4.2 G; Stevenson 2003),
the disk may accrete its own field from the protoplanetary
disk (Quillen & Trilling 1998; Turner et al. 2013). As both
MRI and vertical fields have been modelled extensively in
protoplanetary disks, we consider both field geometries in
driving accretion in circumplanetary disks. We calculate the
magnetic field strength, B, required to drive accretion at the
inferred accretion rate, M˙ = 10−6MJ/year.
Three dimensional stratified and unstratified shearing
box, and global MRI simulations with a net vertical flux
indicate that during accretion the MRI magnetic field satu-
rates with (Hawley et al. 1995; Sano et al. 2004; Simon et al.
2011; Parkin & Bicknell 2013)
α ≈ 0.5β−1 = 0.5 B
2
8pip
, (39)
where β ≡ 8pip/B2 is the plasma beta, and p = c2sρ is the
pressure. This leads to a magnetic field strength
BMRI =
√
16piαc2sρ, (40)
which can be directly determined by the inflow rate as (War-
dle 2007)
BMRI =
(
M˙Ω2
cs
) 1
2
(
1 +
√
1 + 4Q2
Q
)
≈ 0.66 G
(
M˙
10−6MJ/year
) 1
2
(
M
MJ
)1/2(
T
103 K
)− 1
4
×
(
r
102 RJ
)− 3
2
(
Q−1 +
√
Q−2 + 4
2
)
. (41)
The equipartition field, Beq =
√
8pip, defines the maxi-
mum field that the disk can support before magnetic pres-
sure dominates over thermal pressure. From equation (39)
we see that the MRI field is sub-equipartition, satisfying
BMRI
Beq
=
va√
2cs
=
√
2α (42)
which is constant for a given α, and where the Alfve´n speed
is
va =
B√
4piρ
,
≈ 8.9× 10−2 km s−1
(
B
1 G
)(
ρ
10−9g cm−3
)− 1
2
. (43)
Large-scale fields acting through disk winds and jets
may also drive angular momentum transport and have been
studied in the context of protoplanetary disks (e.g., War-
dle & Ko¨nigl 1993; Shu et al. 1994; Bai & Stone 2013).
Magnetically-driven outflows have also been proposed for
circumplanetary disks (Quillen & Trilling 1998; Fendt 2003;
Machida et al. 2006; Adams 2011). If a vertical field drives
the inflow the field strength must be at least (Wardle 2007)
BV =
√
M˙Ω
2r
,
≈ 0.16 G
(
M˙
10−6MJ/year
) 1
2
(
M
MJ
) 1
4
(
r
102 RJ
)−5/4
.(44)
5 MAGNETIC COUPLING
We are now in a position to calculate the level of magnetic
diffusivity within the disk to identify which regions of the
disk are subject to magnetically-driven transport. A mini-
mum level of interaction between the disk and the magnetic
field is needed for magnetically-controlled accretion.
Collisions disrupt the gyromotion of charged species
around the magnetic field. Collisions between the electrons,
ions, and neutrals occur at a rate νij (for colliding species i
with j), with (Pandey & Wardle 2008)
νei = 1.6× 10−2 s−1
(
T
103 K
)− 3
2 ( ne
10 cm−3
)
×
( nn
1015 cm−3
)
, (45)
νen = 6.7× 106 s−1
(
T
103 K
)− 1
2
(
ρn
10−9 g cm−3
)
,
(46)
νin = 3.4× 105 s−1
(
ρn
10−9 g cm−3
)
, (47)
where ρn = ρ− (ρi+ρe), and nn = ρn/mn are the mass and
number density of neutral particles, respectively. Electron–
ions collisions are the dominant source of drag in the highly
ionised inner region, however neutral drag dominates across
the remainder of the disk. The Hall parameter for a species
j, βj , quantifies the relative strength of magnetic forces and
neutral drag. It is the ratio of the gyrofrequency to the neu-
tral collision frequency (Wardle 2007),
βj =
|Zj |eB
mjc
1
νjn
. (48)
The Hall parameter is large, βj  1, when magnetic forces
dominate the equation of motion, and small, βj  1, when
neutral drag decouples the motion from the field.
The Hall parameters for ions, electrons, and grains are
(Wardle 1998, 2007)
βi ≈ 4.6× 10−3
(
B
1G
)( n
1015 cm−3
)−1
, (49)
βe ≈ 1.1
(
B
1G
)( n
1015 cm−3
)−1( T
103 K
)− 1
2
, (50)
βg ≈ 3.1× 10−3 Zg
(
B
1 G
)( n
1015 cm−3
)−1( T
103 K
)− 1
2
×
(
ag
0.1µm
) 1
2
(
ρb
3 g cm−3
) 1
2
. (51)
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Ions and grains, being the more massive particles, have
a lower gyrofrequency, and hence a lower Hall parameter.
Thus, neutral collision are more effective at decoupling ions
and grains than electrons. This leads to three regimes, ac-
cording to the neutral density: (a) Ohmic regime, high den-
sity: electron–ion or neutral collisions are so frequent as
to decouple both electrons and ions (i.e., βi  βe  1).
(b) Hall regime, intermediate density: neutral collisions de-
couple ions, but the electrons remain tied to the field (i.e.,
βi  1 βe). (c) Ambipolar regime, low density: both the
ions and electrons are coupled to the magnetic field, and
drift through the neutrals. (i.e., 1 βi  βe).
In each regime collisions produce magnetic diffusivity
which affects the evolution of the magnetic field through
the induction equation:
∂B
∂t
= ∇(v ×B)−∇× [ηO(∇×B) + ηH(∇×B)× Bˆ]
−∇× [ηA(∇×B)⊥], (52)
where v is the fluid velocity. The Ohmic (ηO), Hall (ηH),
and Ambipolar diffusivities (ηA) are [Pandey & Wardle 2008,
Wardle & Pandey (in preparation)]
ηO =
mec
2
4pie2ne
(νen + νei)
≈ 1.9× 1017cm2 s−1
[(
T
103 K
) 1
2 ( ne
10 cm−3
)−1
×
(
10−9 g cm−3
ρ
)
+ 2.4× 10−9
(
T
103 K
)− 3
2
]
,(53)
ηH =
cB
4piene
(
1 + β2g − β2i P
1 + (βg + βiP )
2
)
≈ 5.0× 1017 cm2 s−1
(
B
1 G
)( ne
10 cm−3
)−1
×
(
1 + β2g − β2i P
1 + (βg + βiP )
2
)
, (54)
ηA =
(
B2
4piρiνni
)(
ρn
ρ
)2(1 + β2g + (1 + βiβg)P
1 + (βg + βiP )
2
)
≈ 6.0× 1016 cm2 s−1
(
B
1 G
)2(
ρn
ρ
)2 ( ni
10 cm−3
)−1
×
(
ρ
10−9 g cm−3
)−1(1 + β2g + (1 + βiβg)P
1 + (βg + βiP )
2
)
,(55)
where P = ng Zg/ne is the Havnes parameter.
The magnetic field couples to the motion of the disk
in regions of low magnetic diffusivity [i.e., where |∇ × (v ×
B)|  |∇ × [η(∇ × B)]|, for each diffusivity, η]. For MRI
fields we require that the turbulent magnetic field grows
faster than dissipation can destroy it such that (Sano &
Stone 2002; Mohanty et al. 2013)
η < v2a,z/Ω
≈ 1.3× 1014 cm2 s−1
(
B
1 G
)2(
ρ
10−9 g cm−3
)−1
×
(
r
102 RJ
) 3
2
(
M
MJ
)− 1
2
(56)
for each diffusivity η = ηO, ηH , and ηA. This condition is
equivalent to the condition Λ > 1, where Λ = v2a,z/(ηΩ) is
the Elsasser number. The coupling condition uses the Alfve´n
speed for the vertical component of the magnetic field. We
calculate the vertical field component as Bz ∼ BMRI/
√
28,
using results from Sano et al. (2004).
If, instead, a vertical (rather than turbulent) field is
responsible for angular momentum transport (e.g., through
the action of a disk wind or jet), the condition is more re-
laxed as we only require that the magnetic field couples to
the shear, with (Wardle 2007)
η < c2s/Ω
≈ 6.1× 1016 cm2 s−1
(
T
103 K
)(
r
102 RJ
) 3
2
(
M
MJ
)− 1
2
(57)
for each diffusivity.
Magnetic interaction still occurs for diffusivity at, or
above the coupling threshold, however coupling is weak in
these conditions and the connection between the dynamics
of the disk and field is diminished.
6 DISK MODELS
We consider four circumplanetary disk models in this paper.
We present two Shakura-Sunyaev α disks developed for this
work: (i) a constant-α model in which the viscosity parame-
ter is radially uniform (§6.1), and (ii) a self-consistent accre-
tion model in which the level of angular momentum trans-
port is consistent with the strength of magnetic coupling or
gravitational instability at all radii (§6.2). For comparison
we also describe two key circumplanetary disk models in the
literature: (iii) the Minimum Mass Jovian Nebula (§6.3), and
(iv) the Canup & Ward α disk (§6.4).
6.1 Constant-α model
Here we take the traditional approach, adopting the α-
viscosity prescription with a radially-uniform α. This al-
lows for direct comparison with existing steady state cir-
cumplanetary disk models which adopt a constant α. We
take α = 10−3 in keeping with the results of simulations
(with net zero magnetic flux). However, the disk may ac-
crete a net field which enhances transport, and so we also
consider α = 10−2.
To obtain the radial temperature profile for this model
we insert equations (6) and (15) into equation (13), yielding
(Bell et al. 1997)
T
3
2
a−b+5 =
9κi
22a+8σ
(µmp
k
) 3
2
a+1
α−(a+1)
(
M˙
pi
)a+2(
GM
r3
)a+ 3
2
.
(58)
We calculate all other properties, such as column den-
sity, by inserting this temperature profile into the relations
given in §2.
6.2 Self-consistent accretion model
The constant-α model implicitly assumes that the angular
momentum transport mechanism operates at all radii, and
to the right degree. Ionisation by cosmic rays and decaying
radionuclides is insufficient to couple the disk and magnetic
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field (Fujii et al. 2011), and thermal ionisation is only active
in the inner disk where T & 103 K. Without gravitoturbu-
lence from gravitational instability, or magnetically driven
transport, which relies on magnetic coupling, little if any
viscosity is produced throughout the bulk of the disk (i.e.,
α ≈ 0). Thus, equation (15) is invalid across the majority of
the disk.
Motivated by the inconsistency of the constant-α disk,
we present an enhanced steady-state α disk in which the
level of angular momentum transport (i.e., α) driven by
magnetic fields or gravitoturbulence is consistent with the
level of magnetic coupling and strength of gravitational in-
stability at all radii. To achieve this we divide the disk into
three regions according to the mode of transport:
(i) Saturated magnetic transport - the inner disk is hot
enough for significant thermal ionisation allowing for strong
magnetic coupling (i.e., ηO, ηH , ηA are well below than the
coupling threshold) and Toomre’s Q  1. Magnetically-
driven angular momentum transport is maximally efficient
and α saturates at its maximum value, which we take as
αsat = 10
−3. In this region the disk is identical to the
constant-α disk.
(ii) Marginally coupled magnetic transport - in the ma-
jority of the disk, magnetic diffusivity exceeds the coupling
threshold while self-gravity is still too weak for gravito-
turbulence (i.e., Toomre’s Q > 1). In this intermediate
region accretion is magnetically driven, although at a re-
duced efficiency. Sano & Stone (2002) determined the sat-
uration level for MRI turbulence, and hence α, for Ohmic
and Ohmic+Hall MHD simulations in the non-linear regime
(i.e., ηΩ/v2a,z < 1; see their Fig. 20). They find that α is
proportional to the ratio of the coupling threshold, v2a,z/Ω,
to Ohmic diffusivity. By extension we also assume that the
effective α for non-turbulent accretion (i.e., for a vertical
field) also adjusts according to the level of resistivity, using
the analogous coupling threshold, c2s/Ω. Thus, in this regime
for the two modes of magnetic transport, we take α to be
α =
{
αsatv
2
a,z/ (ηOΩ) for an MRI field,
αsatc
2
s/ (ηOΩ) for a vertical field,
(59)
which is at most αsat (Sano & Stone 2002).
(iii) Gravoturbulent transport - in the outer disk mag-
netic coupling at the level required by equation (59) would
result in a gravitationally unstable disk with Toomre’s Q <
1, and so self-gravitational forces dominate. The cooling
timescale determines whether the disk fragments or enters a
gravoturbulent state. We find that the cooling time-scale is
much longer than the dynamical time-scale, Ω−1, (Rafikov
2007; Boley 2009) with
Ωtcool =
Σc2sΩ
σT 4s
=
8c3s
3GM˙Q
∼ 1.9× 105
(
T
120 K
) 3
2
(
M˙
10−6 MJ/year
)−1
Q−1,(60)
[using equations (2) and (10), for a minimum midplane tem-
perature T = 120 K set by the temperature of the Solar Neb-
ula at the present day orbital radius of Jupiter according to
the Minimum Mass Solar Nebula (Hayashi 1981)] and so
gravitoturbulence rather than fragmentation occurs (Meru
& Bate 2012). Either by the slow build up of surface density
from inflow onto the disk coupled with heating by dissipation
of turbulence (Gammie 2001) or by time dependent evolu-
tion of gravitationally-unstable disks (Forgan et al. 2011;
Shabram & Boley 2013), the disk likely evolves towards a
state with Q ∼ 1. Thus, in this region we take Q = 1.
We solve for the disk profile by inserting equation (5),
the scale height with self-gravity, into equation (13) requir-
ing one final relation to close the set of equations. Each
region has its own closing equation to account for the differ-
ences in the mode of transport :
(i) In the saturated magnetic transport region, we use
equation (15) with constant α = αsat, inverted to give the
surface density as a function of temperature.
(ii) In the marginally coupled magnetic transport region
we solve for the midplane temperature numerically using
fsolve from the Python library scipy.optimize (Jones
et al. 2001). The solution is determined so that α calcu-
lated by inverting equation (15) is consistent with that from
equation (59). To achieve this, at each iteration of the tem-
perature solver we calculate the surface density, scale height
and Q through equations (2), (5) and (13) numerically us-
ing fsolve. These allow us to determine α from equation
(15), and to also calculate the resulting ionisation fraction,
magnetic field, and diffusivity (according to §3.1, §4, and §5
respectively) for determining α from equation (59). Neces-
sarily, α varies radially [i.e., α→ α(r)].
(iii) In the Gravoturbulent region, we set Q = 1 and in-
vert equation (2) to give the surface density as a function of
temperature. We post-calculate α(r) using equation (15).
We solve the complete set of equations using the routine
fsolve from the Python library scipy.optimize (Jones
et al. 2001).
6.3 Minimum Mass Jovian Nebula
The Minimum Mass Jovian Nebula (MMJN) is an adapta-
tion of the Minimum Mass Solar Nebula used for modelling
the Solar nebula (Weidenschilling 1977; Hayashi 1981). The
MMJN is produced by smearing out the solid mass of the
satellites to form a disk, and augmenting it with enough gas
to bring the composition up to solar (i.e., fdg ∼ 10−2).
We use the surface density for the MMJN given in
Mosqueira & Estrada (2003) which follows a Σ ∝ r−1 pro-
file, except in a transition region (20RJ < r < 26RJ) where
the profile steepens,
Σ =

5.1× 105 g cm−2
(
r
14RJ
)−1
r < 20RJ ,
3.6× 105 g cm−2
(
r
20RJ
)−13.5
20RJ < r < 26RJ ,
3.1× 103 g cm−2
(
r
87RJ
)−1
26RJ < r < 150RJ .
We use the opacity (κ = 10−4 cm2 g−1; appropriate for
absorption by hydrogen molecules) and temperature profile
given by Lunine & Stevenson (1982),
T =
(
240 K
(
r
15RJ
)−1
+ (130 K)4
)1/4
. (61)
The temperature profile follows T ∝ r−1 in the optically-
thick inner regions, and is matched to the temperature of
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the ambient nebula (Tneb = 130 K) at the outer edge of the
disk.
6.4 Canup & Ward α disk
Canup & Ward (2002, 2006) model the circumplanetary disk
as a steady-state, thin, axisymmetric, constant–α disk. They
adopt the Lynden-Bell & Pringle (1974) surface density
model, and use the plane-parallel stellar atmosphere model
to calculate the midplane temperature. Heating sources
are viscous dissipation, the ambient stellar nebula (Tneb =
150 K), and the hot young planet. The midplane tempera-
ture and density are solved self-consistently for a uniform
opacity, however a range of opacities (κ = 10−4–1 cm2 g−1)
are considered to account for uncertainty in the population
of sub-micron grains. A range of inflow rates (M˙ = 10−8–
10−4MJ/year), and viscosity parameters (α = 10−4–10−2),
are considered to model the disk at both early and late
times. However, a low inflow rate (M˙ = 2 × 10−7MJ/year)
is needed to match the ice line with the present day location
of Ganymede and to ensure solid accretion is slow enough
to account for Callisto’s partially differentiation. This in-
dicates that the disk must be ‘gas-starved’ as compared
with the MMJN. We calculate this disk model using the
method given in Canup & Ward (2002)4, with parameters
taken from Canup & Ward (2006) (i.e., α = 6.5 × 10−3,
M˙ = 10−6MJ/year, and κ = 0.1 cm2 g−1).
7 RESULTS
We are now in a position to apply the tools developed in §2–
§5 to the models described in §6. All figures are shown for a
protoplanet in orbit around a solar-mass star at the current
orbital distance of Jupiter (i.e., M∗ = 1M, and d = 5.2 au),
calculated with the standard parameter set α = 10−3, M˙ =
10−6MJ/year, and M = MJ , unless otherwise stated.
7.1 Disk structure
Fig. 2 shows the radial disk structure for each model. The
constant-α disk, MMJN, and Canup & Ward disks are shown
as the solid, long-dashed, and dot-dashed curves, respec-
tively. The self-consistent accretion disk is shown for both an
MRI (dotted curve) and vertical field (short-dashed curve).
The curves are labelled α, MMJN, CW, MRI, and V respec-
tively.
The temperature profiles are shown in the top-left
panel. The temperature profile for the constant-α and self-
consistent accretion disks follow a power law with index
changes at the transitions between opacity regimes. The self-
consistent accretion disk profiles follow the constant-α pro-
file out to ∼ 30RJ where the temperature, and thermal
4 The profiles shown in Fig. 2 are calculated using the full expres-
sion χ = 1 + 3
2
[rc/r − 15 ]−1 (given below equation 20 in Canup
& Ward 2002), however we found χ = 1 was needed to repro-
duce the profiles in Canup & Ward (2002). For the parameter
set used here, we find that the approximation leads to at most
a 37% increase in the surface density, and 27% reduction in the
temperature profile. The difference is greatest at r = 60RJ , but
decreases toward the inner and outer boundaries.
ionisation level is high enough for good magnetic coupling.
The stronger coupling requirement for an MRI field makes
for a slightly hotter and more dense disk than for accre-
tion driven by a vertical field, and so the disk is gravotur-
bulent beyond 200RJ , where the temperature profile steep-
ens. There is no corresponding gravoturbulent region for the
self-consistent accretion disk with vertical field. Neverthe-
less, the self-consistent accretion disk is remarkably similar
when either the MRI or verticals used for drive accretion.
The profile for constant-α disk follows T ∝ r−1.1 in the
outer regions where the opacity is primary from grains [i.e.,
a = 0, b = 0.74; see equation (58)]. Of the parameter set
α, M˙ and M , the temperature profile is most sensitive to
changes in the inflow rate. An order of magnitude change
in M˙ only corresponds to a factor ∼ 3 change in the tem-
perature across most of the disk, with little effect beyond
∼ 40RJ .The profiles are multivalued in the region r ∼ 2–
5RJ , with a characteristic ‘S-shape’. Here the disk satisfies
conditions for multiple opacity regimes, with the radially in-
creasing, unstable branch corresponding to the H-scattering
opacity regime. The viscous-thermal instability associated
with this feature has been used to model outbursts in cir-
cumstellar disks surrounding T-Tauri stars - most notably
FU Orionis outbursts by Bell et al. (1997).
The constant-α and self-consistent accretion disks are
hotter than the Canup & Ward and MMJN disks, which aim
to model a later phase of the disk when the opacity is from
ice grains (and necessarily lower; see the opacity profile in
bottom-right panel of Fig. 2), and the disk is cool enough to
form icy satellites. As inflow from the protoplanetary disk
tapers, the disk cools, consistent with the evolution to an
icy state recorded by the Solar System giant-planet satellite
systems. For example, reducing the inflow rate by a factor of
ten lowers the temperature to only 370 K at the disk outer
edge.
The column density profile is shown in the top-right
panel. The profile for the constant-α disk is generally shal-
low, decreasing by only a factor of ∼ 12 between the in-
ner and outer edge. Like the Canup & Ward disk, the col-
umn density is low compared with the MMJN, and so the
disk is ‘gas starved’. Consequently, the disk mass is also
low, with Mdisk = 1.6 × 10−3MJ , validating our neglect
of self gravity. On the other hand, the column density in
the self-consistent accretion disks increase beyond ∼ 30RJ
reaching Σ = 9.6 × 104 g cm−2 for a vertical field, and
Σ = 2.5 × 105 g cm−2 for an MRI field. Consequently, the
disk masses are large, with Mdisk = 0.5MJ for the vertical
field, and Mdisk = 0.64MJ for the MRI field. The disk mass
increases as the inflow rate from the protoplanetary disks
tapers, such that a factor 10 reduction in the inflow rate
leads to an inward extension of the gravoturbulent region,
and a disk mass Mdisk = 0.42MJ , independent of the field
geometry.
The centre-left panel of Fig. 2 shows the aspect ratio
for each model. The aspect ratio for the constant-α model
ranges between H/r = 0.14–0.34, with pressure dominat-
ing the scale height. Self-gravity is too weak to counteract
the strong thermal pressure in the outer regions of the self-
consistent accretion disks and so the disks are very thick,
with the aspect ratio reaching a maximum of H/r = 0.63,
and 0.71 for a vertical and MRI field, respectively. Our re-
sults agree with Shabram & Boley (2013) in that circum-
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Figure 2. Radial dependence of the of the midplane temperature, T (top-left panel), column density, Σ (top-right panel), aspect ratio,
H/r (centre-left panel), Toomre’s Q (centre-right panel), and viscosity parameter α (bottom-left panel) for five circumplanetary disk
models. Opacity as a function of temperature, κ(ρ(T ), T ) is also shown (bottom-right panel). The constant-α model (solid curve; §6.1),
and self-consistent accretion disk with an MRI field (dotted curve; §6.2), and vertical field (short-dashed curve; §6.2) are shown with the
MMJN model (long-dashed curve; §6.3) and Canup & Ward disk (dot-dashed curve; §6.4) for comparison.
planetary disks may be more aptly described as ‘slim’ (i.e.,
H/r . 1) rather than ‘thin’.
The centre-right panel of Fig. 2 shows the radial pro-
file for Toomre’s Q. Toomre’s Q is large for the low mass
constant-α disk, however, despite the high temperatures the
self-consistent accretion disks reach Q ∼ 1 at the outer edge
where the column density is highest. We fix Q = 1 in the
gravoturbulent region in the self-consistent accretion disk
with MRI field.
The bottom-left panel of Fig. 2 shows the radial profile
of the viscosity parameter, α. The viscosity parameter is con-
stant across the Canup & Ward and constant-α disks, and in
the inner regions of the self-consistent accretion disks where
magnetic coupling is good and α is saturates at its maxi-
mum value. Once the temperature drops below ∼ 1000K
thermal ionisation drops and with it the strength of mag-
netic coupling. Magnetic transport is less efficient with high
diffusivity and so α is reduced, as per equation (59), reach-
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ing a minimum of 1.9×10−7 for an MRI field, and 4.8×10−7
for a vertical field. In the outer ∼ 60RJ of the self-consistent
MRI accretion disk, α increases radially to compensate for
the decreasing column density. However, such a low required
effective viscosity is potentially overwhelmed by other pro-
cesses, such as stellar forcing or satellitesimal wakes which
may contribute additional torque exceeding this level (Rivier
et al. 2012; Goodman & Rafikov 2001).
Note that a property of this model is that tempera-
ture increases with decreasing α. This result is counter intu-
itive given that viscosity, and hence dissipation, are directly
proportional to α. However, for a fixed M˙ , increasing α en-
hances the effectiveness of the turbulence and so reduces the
required active column density [see equation (15)]. The asso-
ciated reduction in optical depth lowers the midplane tem-
perature relative to the surface temperature. Consequently,
if we increase αsat to 10
−2 which is appropriate for MRI with
net magnetic flux, we find that the midplane temperature
reaches at most 2100 K. We also find that the saturated mag-
netic transport region (i.e. where the diffusivities are below
the coupling threshold) only reaches out to 6RJ , whereas
the gravoturbulent region extends in as far as 120RJ . How-
ever, we also note that increasing αsat requires a further
reduction of the minimum value of α to 2.2 × 10−8 (at the
boundary of the marginally coupled and gravoturbulent re-
gions).
Opacity as a function of temperature is shown in the
bottom–right panel of Fig. 2, using the corresponding den-
sity profile [i.e., κ(ρ(r), T (r)) vs T (r)]. The opacity is com-
plex and varies by four orders of magnitude throughout the
disk. Despite differences in the temperature and density pro-
files, the opacity profile for the self-consistent accretion disks
follow that of the constant-α disk. This is because the disks
only deviate in the Grains opacity regime where the opacity
is density independent (i.e., a = 0).
7.2 Ionisation
Fig. 3 shows the electron (solid curve), ion (dashed curve),
and charge-weighted grain (dotted curve) number density
fraction for the constant-α model (top-left panel), and self-
consistent accretion disks with MRI field (centre-left panel)
and vertical field (bottom-left panel).
In the constant-α disk, the ionisation fraction is high
within the inner disk. Close to the planet the disk is almost
fully ionised by thermal ionisation of hydrogen and helium,
and thermal ionisation continues out to ∼ 30RJ where the
temperature exceeds ∼ 1000 K and potassium is thermally
ionised. In the abundance of free electrons grains acquire a
large negative charge, Zg ∼ −660, but with little effect on
the total electron density. Beyond this distance, the disk is
not hot enough for significant thermal ionisation and so the
ionisation fraction drops sharply. Ionisation is primarily by
radioactive decay beyond 60RJ , and the ionisation fraction
is low (i.e., ne/n ∼ 10−19). In these conditions grains are
mostly neutral, but still remove a large proportion of free
electrons, reducing the electron density by a factor of ∼ 190
relative to the ions.
Thermal ionisation is strong over a larger portion of
the self-consistent accretion disks, as the disk structure is
reliant on a higher level of ionisation in the marginally mag-
netically coupled region. We rely on thermal ionisation to
achieve magnetic coupling, as midplane ionisation from ra-
dioactive decay, cosmic rays and X-rays is too weak (see
§7.4). Grain charging is important beyond ∼ 40RJ for both
field geometries, however it has a greater effect for the ver-
tical field where the ionisation fraction is lower. All profiles
are multivalued between 3RJ ≤ r ≤ 5RJ , in keeping with
the temperature profiles.
Depletion onto grains removes heavy elements from the
gas phase, and consequently reduces the ionisation fraction
between 3RJ . r . 60RJ in the constant-α disk. There is
no depletion close to the planet where ionisation is from the
non-depleted hydrogen and helium, and in the outer disk
ionisation by radioactive decay is so weak that neutral met-
als are abundant (i.e., ni/nn  xmetals) and the reaction
rate is not limited by depletion. In the intermediate region
depletion reduces the ionisation fraction by up to the deple-
tion factor, 10−δ = 0.12. The lowered electron density leads
to a slight increase (up to 10%) in grain charge. Depletion
at this level has no appreciable effect on the structure of the
self-consistent accretion disks.
Additional ionisation from MRI is ineffective for both
the constant-α and fixed-temperature disks. Grain capture
through vertical mixing rapidly removes ionisation in eddies
produced in MRI active surface layers. If grains are absent,
charges are removed by recombination quickly over a time-
scale τR ≈ 4Ω−1 at the outer edge. However, if grains are
present, even at the level fdg & 10−11, grain charge cap-
ture is rapid. Thus, free charges are rapidly removed as they
are mixed into the dead zone and so do not contribute to
midplane ionisation.
For ionisation produced through acceleration by MRI
electric fields, we find that the electron energy is at most
 ≈ 5 × 10−3 eV in the constant-α disk, and lower still
in higher density self-consistent accretion disks. This en-
ergy is orders of magnitude too low to ionise any atomic
species. Thus, there is no appreciable contribution from self-
sustaining MRI ionisation in circumplanetary disks. Self-
sustaining ionisation is more successful in protoplanetary
disks where the density is lower such that electrons are able
to be accelerated over a longer mean free path.
We have also calculated the charge number density frac-
tions for the Canup & Ward α disk (top-right panel) and the
MMJN (bottom-right panel) using the same method as given
in §3.1. In the Canup & Ward α disk thermal ionisation is
high close to the planet with cosmic ray ionisation dominant
beyond 20RJ , similar to the constant-α disk. In the MMJN
the ionisation fraction is very low (ne/n < 10
−16) due to
both high surface density and low temperature.
7.3 Magnetic field strength
Fig. 4 shows the magnetic field strength for the constant-α
model (solid curve), and self-consistent accretion disks with
MRI field (dotted curve) and vertical field (dashed curve).
The MRI field strength for the constant-α disk varies
between B = 0.28–250 G, and follows B ∝ r−1.1 across
most of the disk. The field strength for the self-consistent
accretion disk with MRI field is almost identical to that
of the constant-α disk, except for a small deviation at the
outer edge where the temperature profiles diverge. The ver-
tical field required for self-consistent accretion has a similar
dependency, with B ∝ r−5/4, but it is ∼5 times weaker
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Figure 3. Radial dependence of the midplane ionisation fraction, ne/n (solid curve), ion number density fraction, ni/n (dashed curve),
and charge-weighted grain number density fraction, |Zg |ng/n (dotted curve) for the constant-α model (top-left panel) and self-consistent
accretion disk with MRI field (centre-left panel), and vertical field (bottom-left panel). For comparison, charged number density fractions
are also shown for the Canup & Ward α disk and MMJN in the top-right and bottom-right panels.
and decreases monotonically. All disk model fields are sub-
equipartition and are consistent with the with the estimate
of B = 10–50 G at 10RJ by Fendt (2003).
We have plotted the magnetic field strength required
to drive accretion throughout the entire disk for the self-
consistent accretion disk with MRI field, however beyond
200RJ accretion is powered by gravitoturbulence rather
than magnetic fields. We have no information about the
magnetic field in the gravoturbulent region.
For comparison we have calculated the MRI magnetic
field strength for the Canup & Ward α disk and the MMJN,
which we also show in Fig. 4. We calculate the field strength
the Canup & Ward disk using equation (40) for their α =
6.5× 0−3, and for the MMJN using equation (41) assuming
an accretion rate of M˙ = 10−6 MJ/year.
7.4 Magnetic coupling
Fig. 5 shows the Ohmic (solid curve), Hall (dashed curve),
and Ambipolar (dotted curve) magnetic diffusivities scaled
by the coupling threshold for the constant-α disk (top
panel), and self-consistent accretion disk with MRI field
(centre panel) and vertical field (bottom panel). The cou-
pling threshold ηΩ/v2a = 1 is used for the constant-α disk
and self-consistent accretion disk with MRI field whereas
ηΩ/c2s = 1 is used for the self-consistent accretion disk with
vertical field. The threshold is shown as a dotted horizontal
line, with strong magnetic coupling in regions where each of
the Ohmic, Hall and Ambipolar diffusivities are below the
coupling threshold.
We find that all disks are dense enough that Ohmic
diffusivity dominates over Hall and Ambipolar. The dif-
fusivities follow the inverse of the ionisation fraction [i.e.,
η ∝ n/ne, see equations (53)–(55)]. Within 30RJ , the ion-
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Figure 4. Radial dependence of the magnetic field strength, B,
for the α model (solid curve), and fixed temperature model with
MRI field (dotted curve), and vertical field (short-dashed curve),
Canup & Ward α disk (dot-dashed curve), and MMJN (long-
dashed curve).
isation fraction is high and so the diffusivities are well be-
low the coupling threshold, ηΩv−2a  1 or ηΩc−2s  1 .
At 30RJ the diffusivities rise exponentially as thermal ion-
isation of potassium is suppressed by the low temperature.
In the constant-α disk, ionisation from cosmic rays, X-rays
and decaying radionuclides is too low for good magnetic cou-
pling and so the majority of the disk, (i.e., r > 30RJ), is
uncoupled from the magnetic field. The magnetically cou-
pled region is larger at higher inflow rates where the mid-
plane temperature is higher (i.e., the disk is coupled within
90RJ for M˙ = 10
−5 MJ/year), however this also produces
a higher disk scale height, (aspect ratio up to 0.79), vio-
lating the ‘thin-disk’ approximation. Diffusivity below the
coupling threshold in the inner disk indicates that the evo-
lution of the disk and magnetic field are locked together,
however the bulk of the disk is uncoupled to the magnetic
field and accretion cannot proceed in these regions.
The boundary of the magnetically coupled region is con-
trolled by the exponential rise in the diffusivity at the ioni-
sation temperature of potassium. For instance, if a vertical
field is used instead of an MRI field, the scaled diffusivity is
reduced by a factor (va/cs)
2 = 4α [using the MRI field to
evaluate va; see equation (42)], but the steepness of the dif-
fusivity profile at the coupling boundary means that there is
no change in the magnetically-coupled boundary. Similarly,
depletion of heavy elements onto grains increases the diffu-
sivity between 3RJ ≤ r ≤ 60RJ , but does not change the
radius of the magnetically-coupled region.
The diffusivity profile for the self-consistent accretion
disk with MRI field follows the constant-α disk profiles out
until 30RJ , where Ohmic diffusivity reaches the coupling
threshold. Here, the disk enters the marginally magnetic
coupled region and the rise in the diffusivity is not as steep.
Although magnetic coupling is only weak, as the diffusivities
are above the coupling threshold, it is still enough to drive
accretion at the level given by equation (59). This state of
marginal coupling occurs out to 200RJ , with Ohmic diffu-
sivity up to ∼ 104 times greater than the coupling threshold.
At the point where Q = 1 gravitoturbulence becomes the
dominant transport mechanism and the diffusivities resume
their exponential rise.
The coupling criterion for a vertical field is less strin-
gent, and so the diffusivities are lower relative to the cou-
pling threshold within r ∼ 30RJ . As with the self-consistent
accretion disk with MRI field, the sharp rise in the diffusivity
is reduced once the diffusivities reach the coupling thresh-
old as the disk transitions to marginal magnetic coupling.
However, in contrast, the disk never reaches Q = 1 and so
there is no transition to the gravoturbulent region.
We have also calculated diffusivities for the Canup &
Ward α disk (top-right panel) and the MMJN (bottom-right
panel) for an MRI field. We show the absolute value of the
Hall diffusivity for the Canup & Ward α disk as Hall dif-
fusivity is negative beyond r ∼ 70RJ (shown by a dotted
curve when ηH < 0). This occurs near the transition for ion
re-coupling, and indicates that the Hall drift, between the
field and neutrals, is in the opposite direction for a given
field configuration. The diffusivities are above the coupling
threshold for r > 10RJ for the Canup & Ward α disk and
at all radii for the MMJN, preventing magnetically-driven
accretion in these regions.
8 DISCUSSION
In this paper we modelled steady-state accretion within a
giant planet circumplanetary disk, and determined the effec-
tiveness of magnetic fields and gravitoturbulence in driving
accretion. We modelled the disk as a thin Shakura-Sunyaev
α disk, heated by viscous transport and solved for the opac-
ity simultaneously with the disk midplane structure using
the Zhu et al. (2009) opacity law, including the effects of
self-gravity. Thermal ionisation dominates within r . 30RJ
where the disk reaches the ionisation temperature of potas-
sium (T ∼ 103 K), but drops rapidly in cooler regions where
ionisation is primarily by radioactive decay. The midplane
is too dense for penetration of cosmic rays or stellar X-rays.
We considered both an MRI field and a vertical field in driv-
ing accretion, and found that a field of order 10−2–10 G is
needed to account for the inferred accretion rate onto the
young Jupiter. To quantify the strength of interaction be-
tween the magnetic field and disk we calculated Ohmic, Hall,
and Ambipolar diffusivities which cause slippage of the field
lines relative to the bulk motion of the disk, decoupling their
evolution.
In the standard constant-α disk, diffusivity is low
enough for magnetic coupling in the inner region where
potassium is thermally ionised. However, the remainder of
the disk is too cool for thermal ionisation and so strong dif-
fusivity prohibits magnetically-driven accretion throughout
the bulk of the disk. The disk is gravitationally stable, with
Toomre’s Q 1, and so there is no transport from gravito-
turbulence either.
This is inconsistent with the assumption of a constant-
α, and so we presented an alternate model in which α varies
radially, ensuring that the accretion rate (taken to be uni-
form through the disk) is consistent with the level of mag-
netic coupling and gravitational instability. We achieved this
by dividing the disk into three regions according to the
mode of accretion: (i) the inner disk is hot enough for strong
magnetic coupling through thermal ionisation and inflow is
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Figure 5. Radial dependence of the Ohmic, ηO (solid curve), Hall, ηH (dashed curve) and Ambipolar, ηA (dotted curve) diffusivities
scaled by the coupling threshold (dotted horizontal line). The MRI field coupling threshold, η/Ωv−2a = 1, is used for for the constant-α
disk (top-left panel) and self-consistent accretion disk with MRI field (centre-left panel), while ηΩc−2s = 1, is used for the self-consistent
accretion disk with vertical field (bottom-left panel). Diffusivities for the Canup & Ward α disk and MMJN are calculated for an MRI
field in the top-right and bottom-right panels for comparison.
magnetically driven with α saturated at its maximum value;
(ii) Beyond 30RJ the disk is too cool for sufficient thermal
ionisation of potassium and diffusivity exceeds the coupling
threshold. Accretion is still magnetically driven, however as
the magnetic coupling is weak, it occurs at a reduced effi-
ciency with α inversely proportional to the level of magnetic
coupling (Sano & Stone 2002); (iii) The disk is gravitation-
ally unstable in the outer regions where Q ∼ 1, and so grav-
itoturbulence is produced and drives accretion. Accretion is
self-regulated so that the disk maintains marginal stability
with Q = 1. We calculated the disk structure for accretion
driven by either MRI or vertical fields, finding very similar
disk structures. With Q ∼ 1 at the outer edge, the disks are
massive with Mdisk = 0.5MJ .
MHD analysis by Fujii et al. (2011) and Turner et al.
(2013) argue against magnetically driven accretion through
the midplane where the cosmic-ray and X-ray fluxes are too
low. However, we find that midplane magnetic coupling re-
lies primarily on thermal ionisation and so the disk tempera-
ture is crucial. Fujii et al. (2011) use the surface temperature
which is necessarily cooler than the midplane temperature,
and so no thermal ionisation is expected. Turner et al. (2013)
considers both MMJN models and actively supplied accre-
tion disk models, appropriate for a later, and so cooler, phase
than we consider here. MMJN models are necessarily cold to
match conditions recorded by the final, surviving generation
of Jovian moons, however these are likely formed late after a
succession of earlier generations were accreted by the planet
(Canup & Ward 2006). Temperatures in actively accreting
disks are controlled by the inflow rate which likely decreases
as inflow from the protoplanetary disk tapers. Turner et al.
(2013) consider inflow rates that are lower than ours by a
factor of 5–70, so these disks model a cooler stage and con-
sequently thermal ionisation is limited to the inner 4RJ of
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their highest inflow disk. Additionally, we also consider ac-
cretion in regions which are only marginally coupled to the
magnetic field. We find that while saturated magnetic trans-
port (i.e. with strong magnetic coupling) is limited to the
inner 30RJ , magnetically driven accretion with marginal
coupling can potentially occur across the entire disk.
We have modelled steady-state accretion within the
disk, with the assumption that the disk evolves toward or
through this state during the proto-planet accretion phase.
Numerical simulations indicate that accretion disks, includ-
ing circumplanetary disks, rapidly evolve away from a self-
gravitating state toward a quasi-steady state (Forgan et al.
2011; Shabram & Boley 2013), however there may be other
time-dependent processes, such as short time-scale variabil-
ity of inflow from the protoplanetary disk. Observations of
accretion onto giant planets are needed to determine the ac-
cretion timescales, and how rapidly the accretion rate can
change.
The temperature profiles are multivalued in some re-
gions of the disk, making the disks susceptible to viscous-
thermal instability. This may lead to outbursts, undermin-
ing our steady-state assumption. This feature is only present
when the inflow rate exceeds M˙ = 2 × 10−8 MJ/year, and
so outbursting from the viscous-thermal instability will not
occur at later time when the inflow rate has tapered off to
below this value. While there is certainly the potential for
outbursting at earlier times, our analysis centres on whether
inflow driven by magnetic fields is plausible, rather than ad-
vocating a steady state solution.
There may also be additional torques on the circum-
planetary disk, from stellar forcing or spiral waves generated
by satellitesimals (Rivier et al. 2012; Goodman & Rafikov
2001), which we have not included. It is not clear what level
of transport these processes produce during this phase of
giant planet accretion and whether they can be incorpo-
rated as additional sources within the Shakura-Sunyaev α
formalism. We can model minor variations on the inflow pa-
rameters, such as a reduction in the accretion rate which
reproduces the necessary cooling and disk mass lowering as
inflow from the protoplanetary disk tapers. However these
results are uncertain as they require yet lower values of α
in the self-consistent accretion disk which are likely over-
whelmed by the additional torques mentioned above.
Strong magnetic coupling near the surface of the planet
will affect accretion onto the planet surface. The plane-
tary magnetic field may channel the accretion flow onto the
planet surface (Lovelace et al. 2011), effecting the spin evo-
lution of the planet (Takata & Stevenson 1996; Lovelace
et al. 2011), and temperature of the planet. However mag-
netospheric accretion requires diffusivity in order for the
inflow to transfer onto the planetary magnetic field from
the disk field. Loading onto the planetary field lines is only
expected to occur close to the surface, if at all (at r ∼ 1–
3RJ ; see Quillen & Trilling 1998; Fendt 2003; Lovelace et al.
2011). However we find the diffusivity is very low at this dis-
tance, making loading of the gas onto the proto-planetary
field lines from the disk field difficult. Magnetospheric accre-
tion would require an additional source of diffusivity, such as
electron momentum exchange with ion acoustic waves (e.g.,
see Petkaki et al. 2006), however it is not known how strong
this effect is.
Finally, the circumplanetary disk is the formation site
for satellites. The composition of the present day satellite
systems around Jupiter and Saturn record conditions in
their circumplanetary disks at the time of their formation. In
particular, the rock/ice compositional gradients through the
satellite systems set the disk ice line (T ≈ 250 K) at the the
location of Ganymede, r = 15RJ , and Rhea, r = 8.7RS , in
the Jovian and Saturnian systems, respectively (Mosqueira
& Estrada 2003). The location of the ice line is often incor-
porated or used as a measure of success in circumplanetary
disk models (e.g., Lunine & Stevenson 1982; Mosqueira &
Estrada 2003; Canup & Ward 2002), however no moons have
been discovered beyond the Solar System and so it is not
clear how typical the Jovian system is, nor to what degree
these systems can vary (Kipping et al. 2013). It is not our
aim to reproduce the conditions for moon formation, but
rather we are focussed on modelling the early phase of the
disk, in which the disk is hot and there is the significant in-
flow onto Jupiter. Consequently, the ice line in our constant-
α disk is at r = 139RJ , and the self-consistent accretion
disks are too hot for ice. Several generations of satellites may
have formed in these conditions, but the present day satel-
lites likely form at a later stage when the disk has cooled as
inflow into the circumplanetary disk tapers with the disper-
sal of the protoplanetary disk (Coradini et al. 1989; Canup &
Ward 2006; Sasaki et al. 2010). Our results support the two
stage circumplanetary disk evolution proposed by Coradini
et al. (1989) in which the disk is initially hot and turbulent,
but evolves to the cool quiescent disk as recorded by the
giant planet satellite systems.
In summary, we have found that during the final gas
accretion phase of a giant planet the circumplanetary disk
is hot and steady-state accretion may be driven by a combi-
nation of magnetic fields and gravitoturbulence. Accretion
maintains the disk at a high temperature so that there is
thermal ionisation through most of the disk.
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